By using a low-resolution macrorestriction map as the foundation (R. Majumder et al., J. Bacteriol. 176:1105-1112, 1996), an ordered cloned DNA map of the 3.2-Mb chromosome of the hypertoxinogenic strain 569B of Vibrio cholerae has been constructed. A cosmid library the size of about 4,000 clones containing more than 120 Mb of V. cholerae genomic DNA (40-genome equivalent) was generated. By combining landmark analysis and chromosome walking, the cosmid clones were assembled into 13 contigs covering about 90% of the V. cholerae genome. A total of 92 cosmid clones were assigned to the genome and to regions defined by NotI, SfiI, and CeuI macrorestriction maps. Twenty-seven cloned genes, 9 rrn operons, and 10 copies of a repetitive DNA sequence (IS1004) have been positioned on the ordered cloned DNA map.
Vibrio cholerae, a noninvasive gram-negative bacterium and the causative agent of the diarrheal disease cholera, is serologically classified as belonging to the O antigenic group. Strains belonging to O group 1 (O1) are responsible for cholera. Strains other than O1 are called non-O1; they can cause only sporadic infections and do not have the potential to cause epidemics (31) . Strains of serovar O1 consist of two biotypes, classical and El Tor. Only recently, an outbreak of cholera in India and Bangladesh which subsequently spread into several parts of the subcontinent was caused by a novel non-O1 strain, O139 Bengal (36) . However, several pieces of evidence suggested that strain O139 Bengal closely resembles biotype El Tor of the serovar O1 (5, 43) .
Construction of genetic maps is restricted to organisms for which genetic tools are available and experimental genetic transfers are feasible. Although a great deal is known about the biochemistry, physiology, and clinical microbiology of V. cholerae (23) , the genetic analysis of this organism has been hindered, primarily because of the lack of demonstrable genetic exchange systems. There is no transducing phage of V. cholerae, and transformation of these cells by plasmid DNA only has been demonstrated (34) . Conjugation is mediated by a factor, P (6), which unlike the F factor of Escherichia coli cannot integrate into the chromosome and hence cannot induce Hfr donors. Thus, the mobilization of chromosomal DNA is limited in this organism. The alternative to examining the organization of genomes in organisms for which a genetic map is not available is to construct a physical map which will allow the examination of the phylogenetic relationship between organisms and the variations of genome structure between different serovars and biotypes. Even for organisms with welldefined genetic maps, physical methods can provide additional details like the orientation of genes, rearrangements within a genome, acquisition of DNA from other organisms, and mapping of any sequence which can be used as a probe. A combined genetic and physical map of the 3.2-Mb genome of the classical O1 hypertoxigenic strain 569B (38) has recently been constructed by using the enzymes NotI (29) , CeuI (32) , and SfiI (unpublished observation). The availability of the macrorestriction map enabled examination of the organization of the genomes of V. cholerae strains belonging to different serovars and biotypes. One of the unique observations was intraspecies variation in the number of rrn operons in vibrios. Strains belonging to serovars O1 and O139 have 9 rrn operons, and those belonging to non-O1/non-O139 have 10 rrn operons (32) . Genomes of V. cholerae strains belonging to different serovars and biovars, and particularly those of the pathogenic strains, are undergoing rapid rearrangements and exhibit extensive restriction fragment length polymorphism in the CTX genetic element locus (5) . While the linkage maps are conserved within biovars, they vary substantially between biovars (32).
The macrorestriction maps are of relatively low resolution and permit detection of gross chromosomal aberrations, and they allow qualitative evaluation of intraspecies genetic variations and identification of individual isolates of a species by comparison of their macrorestriction patterns. The ordered cloned DNA map of the genome generated from a set of overlapping phage or cosmid clones that cover the whole genome, on the other hand, has much greater potential as a tool to study genome structure and reshuffling of genes (14, 20) . The phage or cosmid libraries provide a readily renewable source of DNA, which is important particularly for pathogenic microbes like V. cholerae. The ordered cloned DNA map also provides direct access to a given chromosomal locus, permitting surrogate genetics (14) to be conducted, leading to the identification of virulence determinant genes and protective antigens. The ordered cloned DNA library can be used to examine the modulation of transcription of sets of genes that are specifically expressed following exposure to environmental fluctuations (13, 41) . A functional description of the bacterial genome can be extended to the protein level by cloning the DNA insert from each cosmid clone into a suitable vector from which controlled expression can be achieved (40) . Ordered cloned DNA maps have been constructed for the genomes of relatively few organisms, such as E. coli (26) , Mycoplasma pneumonia (44) , Desulfovibrio vulgaris (15) Haloferax volcanii (11) , Mycobacterium leprae (16) , Bacillus subtilis (1), Helicobacter pylori (9) , Myxococcus xanthus (21) , and Rhodobacter capsulatus (19) . The present report describes the construction of an overlapping cloned DNA map of the genome of V. cholerae 569B, done by using the low-resolution macrorestriction map as the foundation. Twenty-seven homologous and heterologous genes, 9 rrn operons, and 10 copies of a repetitive DNA sequence, IS1004, have been positioned on the map.
MATERIALS AND METHODS
Construction of cosmid library. The V. cholerae 569B used in this study was obtained from the National Institute of Cholera and Enteric Diseases, Calcutta, India. V. cholerae cells were grown in a gyratory shaker at 37°C in nutrient broth (NB) containing 0.1 M NaCl (pH 8.0) and maintained as described previously (12, 28, 37) . Genomic DNA was prepared by the method of Wilson (45) . Five micrograms of genomic DNA was partially digested with MluI and size fractionated in 0.9% low-melting-point (GTG) agarose (FMC, Rockland, Maine). DNA from the 30-to 45-kb region was eluted from the gel, extracted with phenolchloroform, and ethanol precipitated. The precipitate was dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8]) and preserved at a final concentration of 200 ng/ml at 4°C.
The cosmid Lorist M, having the phage origin of replication (obtained from R. L. Charlebois, University of Ottawa, Ottawa, Ontario, Canada) was used for the construction of the library. About 5 g of the cosmid DNA was digested with MluI, dephosphorylated by using calf intestinal phosphatase (New England Biolabs, Beverly, Mass.), ethanol precipitated, washed with 70% ethanol, and dissolved in 5 l of TE. Two micrograms of size-fractionated genomic DNA was ligated to 5 g of vector DNA by using 1 U of T4 DNA ligase (Boehringer Mannheim, Indianapolis, Ind.) in a final volume of 20 l at 16°C for 16 h. The ligation mixture was diluted to 100 l with SM buffer (0.58% NaCl, 0.2% MgSO 4 , 100 mM Tris-HCl, 2% gelatin [pH 7.5]) and packaged with phage packaging extract prepared from E. coli BHB 2688 and BHB 2690 cells (22) . The packaged phage particles were absorbed for 30 min at 37°C to E. coli ED8767 cells grown to logarithmic phase in terrific broth (TB) containing 1.2% tryptone, 2.4% yeast extract, and 0.4% glycerol and spread on TB agar plates containing 30 g of kanamycin sulfate per ml. About 4,000 recombinant clones were picked and grown overnight at 37°C in 96-well microtiter plates containing 200 l of TB containing kanamycin sulfate. Ninety microliters of 50% glycerol was added, and the mixture was stored at Ϫ70°C. Cosmid clones were divided into three batches (A, B, and C) each having about 1,350 clones and were numbered A1 to A1350 for batch A, and so on.
Grouping of cosmid clones. Restriction fragment-specific cosmid clones were identified by hybridizing clones with different NotI, CeuI, and SfiI fragments of V. cholerae genomic DNA. Batches of 500 cosmid clones were grown on Hybond nylon membrane (Amersham, Amersham, England), and colony blot hybridizations were performed by using restriction fragments, labelled by random priming (18) , as probes. Hybridization was carried out at 60°C for 12 h, and filters were washed at the desired stringency, dried, and autoradiographed.
Landmark analysis and chromosome walking. The enzymes BamHI, SalI, StuI, and NcoI, having on average one site per 50 kb of V. cholerae genomic DNA, were chosen as rare-cutter enzymes for landmark analysis. Ten microliters of DNA digested with 2.5 U of MluI and 2.5 U of one of the rare-cutter enzymes in a 20-l volume at 37°C for 4 to 5 h was loaded on a 45-well 0.9% agarose gel (23 by 25 cm) and electrophoresed at 4°C for 18 h. The overlapping clones were identified manually by analyzing the restriction digestion profiles of cosmid clones. For chromosome walking, RNA probes of the terminal clones of the desired contig were prepared from T7 and SP6 promoters by using a Promega kit (Promega Corp., Southampton, United Kingdom) and hybridized with DNA by dot blotting or colony blotting to obtain candidate extenders.
RESULTS

Construction of cosmid library.
A cosmid library of the genome of the hypertoxinogenic strain 569B of V. cholerae was constructed by cloning genomic DNA partially digested with the enzyme MluI into the cosmid vector Lorist M. Among the enzymes tested to generate genomic DNA fragments, MluI was chosen as the cloning enzyme because it did not produce fragments larger than 25 kb. The optimal conditions for partial digestion of the genomic DNA with MluI were established by digesting DNA with various amounts of enzyme and for different times to generate DNA fragments between 30 and 45 kb. The size of the library was about 4,000 clones carrying inserts of Ͼ35 kb, which contained more than 120 Mb of V. cholerae DNA (40-genome equivalent).
Grouping of cosmids into subsets. By taking advantage of the macrorestriction maps of the V. cholerae 569B genome, the clones of the cosmid library were grouped into subsets. Batches of about 500 clones from the library were transferred onto nylon filters and hybridized with labelled NotI, SfiI, or CeuI fragments of V. cholerae genome separated by pulsed-field gel electrophoresis (PFGE). The fragments that are clearly resolved in PFGE and can be eluted from the gel without contamination by adjacent fragments were used for grouping the clones ( Table 1 ). The number of clones belonging to any particular restriction fragment was sufficient to cover at least five times the size of the fragment. Of 37 NotI (29) and 9 CeuI (32) fragments of the V. cholerae genome, the NotI fragments N1, N2, N4, N7, N8, N12, and N13, covering about 43% of the genome, and the CeuI fragments C3 to C8, covering another 42% of the genome, were used for grouping the clones. Another 8% of the genome was covered by SfiI fragments S2 and S8. The ambiguities arising from clones hybridizing with more than one restriction fragment due to the presence of internal repeat sequences were resolved by hybridizing NotI-digested genomic DNA with riboprobes prepared from the ends of inserts of these cosmid clones. Altogether, 1,065 of 4,000 cosmid clones were used in subsequent analysis. In each group, identical clones were eliminated by digestion with three restriction enzymes and one representative clone was used for further studies. This allowed the reduction of the number of clones for contig assembly to 665.
Contig assembly. To generate contigs, overlapping cosmid clones were identified primarily by landmark analysis (10) . This involves comparison of gel patterns of different clones digested with the cloning enzyme and the double digest of the cloning enzyme and a rare-cutting enzyme. Restriction enzymes having on average one site per 5 kb in the genome are normally used as the cloning enzymes so that the complete digestion of the cloned DNA yields about six to eight fragments. The second enzyme selected for landmark analysis should have on average one site per 50 kb. Thus, among the several fragments produced following complete digestion of the cloned DNA by the cloning enzyme, at least one will have a site for the second enzyme. This fragment will disappear following digestion with the second enzyme, producing new fragments. If two cosmid clones are overlapping, the common bands produced on complete digestion with the cloning enzyme will disappear upon digestion with the second enzyme and reappear as equal-sized fragments in both the clones.
In the present study, MluI was chosen as the cloning enzyme and BamHI, SalI, StuI, and NcoI were chosen as rare-cutting N1  364  2,400  140  N2  324  1,000  240  N4  189  500  80  N7  166  500  80  N12, N13  112, 106  500  60  S2  296  500  60  C3  325  500  45  C4  275  500  65  C5  180  500  60  C6  120  400  40  C7  78  300  35  C8  72  300  40  N8, S8 150, 175 300 120 enzymes. Cosmid clones from different groups, selected randomly, were subjected to landmark analysis to generate contigs. About 50 cosmid clones from any particular group were digested with MluI and with MluI and one of the rare-cutting enzymes, and fragments were separated in agarose gels (Fig.  1) . Any two clones having at least one MluI fragment in common which disappears following digestion with any of the second enzymes are overlapping clones, and the disappearing common fragment is the landmark and is a measure of the extent of the overlap. For example, the clones A42 and A90 have a 15-kb common fragment following MluI digestion ( Fig.  2A ). When these clones were digested with MluI and SalI, the common 15-kb fragment was cleaved, producing four fragments of 9.3, 2.4, 2.1, and 1.2 kb (Fig. 2A) . Thus, the 15-kb fragment is a landmark and the clones A42 and A90 have an overlap of 15 kb. Similarly, a comparison of the MluI, MluIplus-BamHI and MluI, MluI-plus-SalI digestion profiles of the clones A14 and A42 ( Fig. 2A) showed that these two clones have a 4-kb overlap. Cosmid clones A90 and A104 ( Fig. 2A) have two landmarks of 9 and 1 kb and hence have a 10-kb overlap. Thus, from the landmark analysis of four clones, a contig of A14, A42, A90, and A104 was assembled (Fig. 2B) . More than 80% of the overlaps were determined by using the landmark strategy alone. For some clones, the common MluI fragment(s) did not disappear following digestion with any of the four rare-cutting enzymes used and thereby did not allow the identification of the landmarks. To overcome this problem, one option is to use more rare-cutting enzymes, which is labor intensive. The other option, which was adopted in the present study, is chromosome walking with riboprobes generated from the two ends of the clone to determine overlapping clones. This approach was used for clones with one MluI common fragment. Clones having multiple MluI common fragments were directly taken as overlapping clones, since it is unlikely that two nonoverlapping clones will generate multiple similar-sized fragments. In cases where all the expected reappearing fragments of the landmark following digestion with the second enzyme could not be detected in the gel, the disappearance of the common MluI fragment(s) was taken as evidence that two clones were overlapping.
Map integration. To generate a relational map, the assembled contigs were positioned on the macrorestriction map (29) . This involved the following steps. (i) Cosmid clones containing NotI site(s) were identified. V. cholerae 569B genomic DNA was digested with NotI, end labelled, and subsequently digested with HindIII to generate probes specific for ends of a NotI fragment. All the assembled cosmid clones were hybridized with these probes, and the clones that lit up were digested with NotI to confirm the presence of a NotI site (Fig. 3A) . 
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ORDERED CLONED DNA MAP OF V. CHOLERAE GENOMEments, clones having a NotI site(s) in the contig were used as probes in Southern blot hybridization of NotI-digested V. cholerae 569B genomic DNA. For example, the clone A1044 hybridized with NotI fragments N3 and N11 (Fig. 3B) , which are linked. Similarly, the clone A606 hybridized with N20 and N23 (Fig. 3B) . The clone A793 hybridized with three fragments, N19, N28, and N20 (Fig. 3B) , which are linked (29) . Whenever required, the positions of the contigs on the macrorestriction map were confirmed by hybridizing NotI site-containing cosmids with CeuI-digested V. cholerae 569B genomic DNA. CeuI has nine sites in the genome, and all the sites are located in the rrn operons (27) . The clone A1044, having one NotI site and one CeuI site, strongly hybridized with the CeuI fragments C6 and C5 (Fig. 3B) , which span the junction of N3 and N11 (29) .
Because of the presence of an rrn operon in the clone, all the other CeuI fragments also hybridized with it, though relatively weakly. The clone A793, having no CeuI site, hybridized only with CeuI fragment C2, which spans N19-N28-N20 of the NotI map (Fig. 3B) . The positioning of the contigs in the combined NotI-CeuI (Fig. 4 ) map was further confirmed by identifying the cosmid clones with SfiI sites in conformity with the combined SfiI-NotI-CeuI macrorestriction map. Closing of gaps in the map. To close or reduce the gaps between the contigs generated by landmark analysis, chromosome walking was performed. Riboprobes generated by using T7 or SP6 promoters of the cosmid Lorist M from the ends of the terminal clones of each contig were hybridized to clones belonging to a particular group. Chromosome walking allowed identification of about 20% of the overlaps in the contig assembled. While chromosome walking allowed identification of overlapping clones, it could not provide information about the 
ORDERED CLONED DNA MAP OF V. CHOLERAE GENOMEextent of the overlap. The overlapping clones identified by chromosome walking were thus subjected to landmark analysis to estimate the length of overlap. By combining landmark analysis and chromosome walking, 92 cosmid clones in 13 contigs covering about 90% of the V. cholerae genome have been positioned in the overlapping cloned DNA map (Fig. 4) . One 120-kb gap and 14 small gaps (ranging from 10 to 50 kb) are yet to be filled. Positioning of V. cholerae genes on the cloned DNA map. Twenty-seven cloned genes and 10 copies of one IS element have been positioned on the ordered cloned DNA map of the V. cholerae 569B genome (Fig. 4) by hybridization using homologous and heterologous genes as probes ( Table 2 ). The gene probes used comprised virulence determinant genes, DNA mismatch repair genes, stress response genes, and genes involved in protein translocation. The genes were positioned on the macrorestriction map (29) rather arbitrarily on fragments to which they hybridized, not reflecting their true order in the genome. It will be possible to determine the order of genes in the chromosome and the approximate distances between them from the ordered cloned DNA map. For example, in the low-resolution macrorestriction map, tcp and one of the ctx genetic elements were positioned in NotI fragment N14 (29) . The high-resolution map showed that the tcp and ctx genes are located in two cosmids, A177 and A542, respectively, falling within NotI fragments N13 and N14, and that the distance between the two genes is about 50 to 80 kb. The dam, secY, and groEL genes, positioned in NotI fragment N9 in the macrorestriction map, are located in the cosmids A963, B18, and B73, respectively, and the order in which these genes are present in the chromosome is dam-secY-groEL (Fig. 4) . Nine rrn operons were positioned in the map on cosmids having CeuI sites. The CeuI sites in the V. cholerae genome were taken as the positions of the rrn operons.
DISCUSSION
The present report describes the construction of a highresolution overlapping cloned DNA map of the genome of hypertoxinogenic strain 569B of V. cholerae. Thirteen contigs covering 2.85 Mb (about 90% of the whole genome) have been assembled. The availability of the macrorestriction map of the V. cholerae genome was extremely useful in grouping the cosmid clones into defined subsets and reducing the number of clones to be analyzed. Besides, the knowledge of NotI, SfiI, and CeuI sites in the physical map helped in accurately positioning and orienting contigs containing clones having sites for one of these enzymes.
The success of generating an ordered cloned DNA map depends primarily on the efficiency of detecting overlaps. Several different approaches have been adopted by different investigators to identify overlapping clones. These include (i) restriction mapping of randomly selected clones (26) , (ii) fingerprinting (33), (iii) chromosome walking, and (iv) identification of overlapping clones from shared landmarks (10) . Each of these approaches has its own limitations, and to construct high-resolution maps of genomes of prokaryotic organisms it is always necessary to combine results obtained from two or more of these approaches. Although the landmark analysis was tested only with one organism, H. volcanii, to identify overlapping clones (11), this was preferred over the other strategies, in the present study, for several reasons. This approach allowed detection of small overlaps, and from a relatively small number of clones, an ordered cloned DNA map can be constructed. A minimal set of 92 overlapping clones was sufficient to generate contigs covering 90% of the V. cholerae genome by this approach. A total of 72% of the overlaps were less than 10 kb, and the length of none of the overlaps was more than 20 kb. Except in a few cases where chromosome walking was neces- One of the problems encountered during the construction of the map was instability of cosmid clones. When maintained in E. coli, some of the clones were spontaneously deleted. The deletion of some of these clones could be due to the presence of toxic genes. This might be one of the reasons for the presence of the small gaps in the cloned DNA map. The other possibility is that the DNA segments in these regions are not represented in the library. A lambda clone library of V. cholerae genomic DNA is under construction, and this will be used to bridge the gaps in the ordered cosmid map and to get complete coverage.
It has been possible to refine and more accurately position genetic loci in the high-resolution map; in the macrorestriction map, in comparison, the genes were arbitrarily positioned on the restriction fragments to which they hybridized. Some more genes in addition to those placed in the macrorestriction map, viz., grpE, dnaJ, mutK, cspA, epsD, tnpA, rfb, and genes encoding RNA methyltransferase and ribosomal large-subunit proteins L15 and L36, have been positioned on the ordered cloned DNA map. A 628-bp repeat sequence, IS1004, has been reported to be present in the V. cholerae genome (8) . The present study showed that there are 10 copies of this repeat sequence in the genome of strain 569B of V. cholerae, and their locations in the genome have been determined. Several clones other than those containing IS1004 in the cosmid library hybridized with more than one NotI restriction fragment, suggesting the presence of yet-unidentified repeat sequences in those clones. With the addition of more genes, the utility of the map is expanding and its resolution is improving. This will lead to more insight into chromosome organization and help to identify new virulence determinant factors and to understand the molecular basis of pathogenicity of this important human pathogen.
